Combining femtosecond pump -probe techniques with optical microscopy, we have studied laser-induced optical breakdown in optically transparent solids with high temporal and spatial resolution. The threshold of plasma formation has been determined from measurements of the changes of the optical reflectivity associated with the developing plasma. It is shown that plasma generation occurs at the surface. We have observed a remarkable resistance to optical breakdown and material damage in the interaction of femtosecond laser pulses with bulk optical materials.
INTRODUCTION
The interaction of intense femtosecond laser pulses with solids offers the possibility of producing a new class of plasmas having approximately solid-state density and spatial density scale lengths much smaller than the wavelength of light. These high-density plasmas with extremely sharp density gradients are currently of great interest, particularly from the point of view of generating bright, ultrashort x-ray pulses. To produce such a plasma, the laser pulse should rise from the intensity level corresponding to the threshold of plasma formation to the peak value in a time much shorter than the time scale of plasma expansion. Thus the specification of the tolerable intensity background or of the acceptable amount of prepulse of the laser pulse requires some knowledge of threshold of plasma formation of the target material.
The transformation of solid material into a dense plasma is also interesting from a fundamental physics point of view. Electric breakdown of dielectrics, that is, rapid ionization and formation of a plasma when the material is exposed to electric fields exceeding some critical value, is a rather general phenomenon. It has been investigated for a wide variety of different situations ranging from static fields 1 to very-high-frequency laser fields. 2 In the mid-seventies Bloembergen and co-workers studied laser-induced breakdown of alkali halides and some other dielectric materials by using nanosecond and picosecond laser pulses. 3 They came to the conclusion that the physical mechanism responsible for the intrinsic optical bulk breakdown of these materials is avalanche ionization, the same as for static-electrical breakdown.
The variation of the breakdown threshold as a function of laser pulse duration has also been studied, 4 and the observations were found to be in agreement with the avalanche ionization model. A breakdown threshold field of ഠ10 7 V͞cm was measured for the shortest pulses in these experiments, which were ഠ10 ps in duration. A simple extrapolation to the femtosecond regime would predict breakdown fields in excess of 10 8 V͞cm, which is the order of magnitude at which tunneling ionization is important, as already pointed out by Bloembergen. 3 One of the key points in the research of Bloembergen and his co-workers was the use of very tightly focused laser beams, which allowed them to reach the breakdown threshold of the materials while staying well below the critical power of self-focusing. Self-focusing is one of the major problems in the measurement of bulk breakdown thresholds. In a more recent review Soileau et al. 5 carefully examined the role of self-focusing in experiments measuring laser-induced breakdown of bulk dielectric materials. They concluded that the breakdown and damage thresholds are also strongly influenced by extrinsic effects.
Thus far, the issue of breakdown thresholds in femtosecond laser -solid interaction has barely been touched. Very recently, Du et al. 6 carried out laser-induced breakdown experiments on fused silica with pulses ranging in duration from 7 ns to as low as 150 fs. They reported an interesting dependence of the fluence threshold on pulse duration, particularly a pronounced increase of the threshold with decreasing pulse duration below 10 ps. These observations were interpreted in terms of the bulk avalanche ionization model. In related research, Stuart et al. 7 studied the pulse-width dependence of the threshold of surface damage for a wide range of materials and pulse durations. They observed only some weak variation of the damage threshold below 10 ps.
At the present time, laser-induced breakdown in the femtosecond time regime and the accompanying material damage processes are far from well understood. The key issues that have to be addressed are the roles of the various possible ionization mechanisms, such as avalanche, multiphoton, and tunneling processes, and the clarification of surface and bulk breakdown processes. For bulk breakdown processes the influence of self-focusing and /or self-defocusing is likely to present an even more difficult problem for ultrashort, femtosecond laser pulses than in the previous research with longer pulses.
In this paper we describe measurements of the threshold of plasma formation that were made when an intense 120-fs laser pulse was focused on the surface of optically transparent materials. An active pump-probe technique, described in Section 2, was used to monitor the onset of the plasma. Our results on surface breakdown for a variety of materials are presented in Section 3, together with some observations made during unsuccessful attempts to produce a plasma in the bulk. A discussion of the results is given in Section 4, and Section 5 presents our conclusions.
EXPERIMENTAL PROCEDURE
The generation of a high-density plasma in a dielectric solid leads to a distinct change in the optical properties. In particular, a sharp increase in the optical reflectivity occurs when the free-electron density reaches the critical density. This effect is an excellent probe of plasma formation and served as an indicator of laser-induced breakdown in our experiments.
A schematic of the experimental arrangement is shown in Fig. 1 . We used a pump -probe scheme that provides both temporal and spatial resolution. To generate a plasma, a femtosecond pump pulse was focused on the surface of the sample by means of an achromatic lens with f 12 cm at an angle of incidence of approximately 50
The beam diameter at the lens was approximately 8 mm. Pulse broadening due to the dispersion of the optical material of the achromat was estimated to be ഠ2%.
A much weaker probe pulse at normal incidence illuminated a surface region overlapping the area of the pump pulse. A microscope objective picked up the reflected probe light and produced an image of the surface on a digital CCD camera. For simplicity, we chose to pass the probe beam through the microscope lens, using a beam splitter. For experiments in which the ultimate time resolution in crucial, other illumination schemes could be used to avoid temporal distortions of the probe pulse by the microscope lens.
The polarizations of pump and probe were orthogonal, and a polarizer (not shown in Fig. 1 ) was used to block scattered light from the strong pump pulse. The experiments were performed in a vacuum chamber.
Using this experimental setup, one can record snapshot pictures of the sample surface with a spatial resolution of a few micrometers and a temporal resolution of ഠ150 fs. Straightforward modifications of this scheme permit transmission microscopy for observation of the bulk.
Next we describe our procedure to determine the threshold fluence of the laser pulses leading to breakdown and plasma formation. The method assumes that, when the threshold fluence is exceeded, a dense plasma is formed, which causes a distinct jump in the optical reflectivity. The situation is illustrated schematically in Fig. 2 , in which the profile of the pump pulse along some radial direction and the corresponding variation of the reflectivity are shown on the left. The threshold fluence defines the characteristic radius r of the surface area where the pump fluence is above threshold and where the surface exhibits high reflectivity. When r 2 is plotted as a function of the logarithm of the pump energy E, a straight line is obtained for a Gaussian beam profile (right-hand side of Fig. 2 ). The intersection with the horizontal axis gives the threshold energy E th . The slope of the line is given by r 0 2 , where r 0 is proportional to the Gaussian spot size of the beam. Note that the method determines both the threshold energy and the area of the pump pulse and thus the threshold fluence.
With an independent measurement of the pulse duration the threshold intensity and the electric-field strength can be obtained. A very similar method was previously used to measure the melting threshold in laser-induced solid -liquid transitions. 8 The laser pulses used in our experiments were obtained from an amplified colliding-pulse mode-locked dye-laser system operating at 620 nm. The pulse duration (FWHM) was approximately 120 fs. Autocorrelation measurements over an extended dynamic range indicated the absence of satellite pulses and an excellent contrast ratio. The intensity dropped from the peak to 10 -8 of the peak intensity in less than 1 ps. The measured energy of the amplified spontaneous emission of the dye-laser pulses was 10 -3 of the total energy. This figure is in good agreement with the background intensity observed with the autocorrelator.
Pump and probe pulses were the same, differing only in total energy. Bulk breakdown experiments were performed with pulses from a chirped-pulse-amplifying titanium sapphire laser (l ഠ 800 nm), which permitted convenient variation of the pulse duration from 130 to 0.4 ns.
EXPERIMENTAL RESULTS

A. Surface Experiments
A typical example of a snapshot picture of a femtosecond laser-produced surface plasma is shown at the top of Fig. 3 . In this case the sample was an optically polished flat of magnesium fluoride. The peak intensity of the pump pulse was 2.6 3 10
14 W͞cm 2 , and the picture was taken 200 fs after the pump-pulse maximum. The dark background represents the optical reflectivity of the unexposed surface (R ഠ 4%). The bright area in the center is due to the laser-produced surface plasma. Because of the ഠ50 ± angle of incidence of the pump beam, an ellipsoidal shape was observed. The spatial profile of the reflectivity representing a vertical section is depicted at the bottom. The measured maximum reflectivity is approximately 60%, and the diameter of the high-reflectivity area is 11.6 mm. Figure 4 shows the measured time dependence of the reflectivity in the center of the surface plasma for a pump intensity of ഠ10 14 W͞cm 2 . The reflectivity rises to some constant temporal plateau in ഠ200 fs. In this particular measurement, no effort was made to determine accurately the zero point of the time scale. For higher pump intensities the rising edge of the reflectivity was observed to move to earlier times, as might be expected. The inset of Fig. 4 shows the dependence of the maximum reflectivity on peak pump intensity measured ഠ200 fs after the pump pulse. There is substantial scattering of the data points because these data were obtained from individual pictures without signal averaging. Nevertheless, it can be seen that above a certain intensity threshold the induced changes of the optical reflectivity are approximately constant over a wide range of pump intensities. The data shown in Fig. 4 were measured on optical glass. Other materials showed a very similar behavior.
The observed laser-induced optical reflectivities were typically between 60% and 70%. These values are in good agreement with model calculations in which the reflectivity of s-polarized light from a supercritical surface plasma was computed by use of the Helmholtz equation and a Drude model to describe the optical properties of the plasma. The model assumed electron temperatures of a few hundred electron volts and a steep density profile, with the plasma density dropping from solid density to vacuum in a distance corresponding to a few percent of the wavelength.
To determine the threshold of optical breakdown the diameter of the high-reflectivity area was measured as a function of the pump-pulse energy, as explained in Section 2. Results for optical glass, magnesium fluoride, and sapphire are shown in Fig. 5 , in which the square of the measured diameters is plotted as a function of the logarithm of the pump-pulse intensity. The data can be fitted by a straight line. The different slopes indicate some variation of the actual spot size of the pump beam, an effect due to unavoidable uncertainties in the alignment of the pump focus. At low intensities the diameters of the high-reflectivity area become comparable with the spatial resolution of the microscope, causing the observed deviations of the data for the straight-line fit near threshold. The reproducibility of the measured threshold values is demonstrated by Fig. 6 , in which two independent measurements on sapphire with different focusing conditions are compared. The straight lines represent the best fit of Table 1 , in which the threshold intensities and the corresponding electric-field strengths are given for optical glass, magnesium fluoride, sapphire, and fused silica. There is surprisingly little variation among the different materials studied so far. As can be seen from the data, the threshold intensities and the field strengths are approximately 10 13 W͞cm 2 and 10 8 V͞cm, respectively.
B. Bulk Experiments
Several experiments were performed to provide some insight into what is happening when intense femtosecond laser pulses are focused into the bulk of dielectric materials. Time-resolved optical transmission microscopy in the direction normal to the light path of the pump pulse was used to observe the interaction volume. The use of dark-field methods permitted detection of possible phase distortions resulting from refractive-index changes induced by the pump pulse. The striking principal observation was that in the bulk no indication of plasma formation could be seen. Also, no indication of self-focusing could be seen. By contrast, in air, buildup and propagation of a plasma generated by the femtosecond pump pulse and the accompanying filamentation of the beam could readily be observed. The observations in air can be used to provide an estimate of the sensitivity of the dark-field method to detect a weak plasma. Ionization of air produces a subcritical plasma with a density given by Z 3 N air , where N air 2.4 3 10 19 cm -3 is the density at atmospheric pressure and Z is the degree of ionization. Thus the density of the air plasma corresponds to a few percent of the critical density (ഠ 3 3 10 21 cm 23 at l 620 nm). The image produced by the air plasma had a signal-to-noise ratio of ഠ10 2 , which indicates that an electron density of a few times 10 24 of the critical density can be detected with our method.
Igniting a plasma on the surface of an optically transparent sample drastically reduces the fraction of transmitted light, as expected. However, the situation changes completely when the focal plane was moved into the bulk. Conspicuous generation of a white-light continuum was observed, but the total amount of transmitted optical energy, including the continuum, increased strongly with increasing distance of the focal plane from the surface. Continuum generation is probably due to self-phase modulation and to nonlinear optical mixing in the bulk of the material. Approximately 10 -20% of the incident optical energy was converted to continuum radiation. Figure 7 shows the results of a simple experiment in which the total transmitted energy of a single laser pulse was measured as a function of the distance (z) between the focal plane and the surface in a fused-silica sample. The sample thickness was 5 mm, and the transmission was measured for four different laser intensities. A schematic of the experimental arrangement is depicted in the inset. The intensity values given in Fig. 7 represent the focused intensity in vacuum.
A transmission value corresponding to the combined Fresnel losses at the front and the back surfaces was measured when the focal plane was positioned far outside the sample ͑z , 0͒. With a peak intensity close to the surface breakdown threshold (solid curve in Fig. 7 ) transmission losses of ഠ20% independent of z were observed after the focus was moved to the inside. These losses are due to multiphoton absorption. Note that for a wellfocused, undistorted beam the multiphoton absorption losses should in fact greatly exceed the observed losses, which indicates that substantial defocusing occurred and that the nominal focused peak intensity was not achieved in the bulk material.
Well above threshold the transmission started from a low value for a position near the surface and increased as the focal plane was moved toward the bulk (dotteddashed curves). This behavior can readily be explained as follows. When the focus lies near the surface, the light intensity exceeds the threshold over a large surface area, and the transmitted light is cut off by the generated surface plasma. The area of the surface plasma blocking the light decreases when the focus is moved farther into the bulk, an effect leading to the observed increase of the transmission with increasing z. At the highest intensity a plasma was also observed at the back surface when z was larger than the optical thickness of the sample (see dotted curve for z . 3.5 mm).
Although detailed pump-probe bulk transmission experiments were not performed, it can be ruled out that the observed high transmission of a single pulse results from some time delay of the reflectivity rise. As pointed out in the discussion of the time-dependent reflectivity data shown in Fig. 4 (Subsection 3.A) , for peak intensities far above threshold the reflectivity rises well ahead of the maximum of the laser pulse.
The results of the transmission measurements corroborate the observations of the bulk that were made through dark-field microscopy (discussed above). The two different experiments provide clear evidence that no bulk plasmas can be generated with femtosecond pulses. In contrast, using picosecond laser pulses (ഠ25 ps), Anthes and Bass 9 produced optical breakdown in the volume of fused silica and observed a distinct attenuation of the transmitted light above the breakdown threshold.
It is also interesting that no bulk damage could be produced with femtosecond laser pulses. Some results of our attempts to damage optical glass by focusing energetic femtosecond laser pulses into the bulk are depicted in Fig. 8 . The top image is a micrograph of a sample after its exposure to several hundred pulses of 1 mJ and 120 fs from a dye laser. The laser beam entered from the left and was focused with f 6 cm. Only some faint colorations of the material, which appear under the microscope as weak dark traces, could be observed. The effect is probably due to color-center formation caused by multiphoton absorption. 10, 11 Very similar results were obtained when the experiment was repeated with several hundred pulses of 130 fs and an energy of 10 mJ from a chirped-pulse-amplifying titanium sapphire laser (Fig. 8,  center image) . In the final experiment we increased the pulse duration to 0.4 ns by bypassing the pulse compressor of the laser. In this case each 10-mJ pulse produced a bright spark in the sample and clearly visible volume damage. Inspection of the single-pulse damage tracks under the microscope (Fig. 8, bottom image) reveals the well-known morphology of long-pulse laser damage. 3, 12 The nominal intensity of the femtosecond laser pulses used in the bulk experiments exceeded the surface breakdown threshold by several orders of magnitude. The observed resistance of bulk materials to breakdown and damage in femtosecond experiments is quite remarkable.
DISCUSSION
In our experiments the threshold intensities of plasma formation of a variety of different materials were measured with femtosecond laser pulses. By combining timeresolved pump -probe techniques with optical microscopy the development of the plasma could be recorded in space and time. Measurements with observation directions both normal and parallel to the surface provided the precise location and spatial distribution of the plasma. We obtained clear evidence that the plasma is formed on the Fig. 8 . Micrographs of bulk glass samples after their exposure to a series of intense femtosecond laser pulses. Top: dye-laser pulses (120-fs pulses and 1 mJ). Center: pulse from a titanium sapphire laser (130-fs pulses and 10 mJ). Bottom: pulses from a titanium sapphire laser before compression (0.4 ns and 10 mJ).
surface. Our observation of the behavior of the optical transmission as a function of the position of the focal plane corroborates this conclusion.
No systematic variation of the surface threshold among the different materials was observed. Table 1 indicates that the intensity thresholds and the breakdown field strengths are approximately the same.
This result is in distinct contrast to the previous observations of laser-induced breakdown by means of nanosecond and picosecond pulses. 3 However, the latter experiments were designed to measure the thresholds of intrinsic bulk breakdown. For intrinsic bulk processes a systematic variation of the threshold in different materials is expected. For instance, in the alkali halide family, a change of intensity thresholds of more than an order of magnitude was measured. 3 The physical mechanism of nanosecond and picosecond intrinsic bulk breakdown was attributed to avalanche ionization.
In our case of surface breakdown the physical mechanism of extrinsic nature is most likely. Thus far, no effort has been made to use surfaces with controlled physical and chemical composition. Hence the measured breakdown thresholds are probably affected by surface imperfections, such as scratches, cracks, grooves, and chemical contamination. 13 In principle, the same physical processes that occur in the bulk can also play a role in the extrinsic surface processes, but from the present data it is not possible to identify the mechanisms.
Next we discuss our observation that plasma formation and damage is absent in the bulk. It is clear that an intense laser pulse propagating through the optical medium is likely to incur strong spatial and temporal distortions as a result of nonlinear processes, particularly changes in the refractive index. An increase in the refractive index with increasing intensity is caused by the Kerr effect, which is generally dominated by electronic mechanisms for short pulses in solid materials. The resulting self-focusing of the laser beam is one of the major difficulties in the interpretation of previous bulk breakdown experiments. 5 One can circumvent the problem by focusing the beam to a radius r 0 , , ͑P cr ͞I b p͒ 1/2 , where P cr is the critical power for self-focusing and I b is the intensity threshold of breakdown. For such tight focusing the breakdown threshold can be reached with a laser power P , , P cr , and complications due to self-focusing effects are avoided. 3, 12 Let us apply the same reasoning to the case of femtosecond breakdown. The critical power of self-focusing for typical dielectrics such as the materials we studied is of the order of 1 MW. The measured surface thresholds can be used as a lower limit of the actual bulk thresholds, e.g., I b 10 13 W͞cm 2 . Consider a pulse with a power equal to the critical power. The pulse must be focused down to at least r 0 ͑P cr ͞I b p͒ 1/2 1.8 mm if the breakdown threshold is to be reached. Because still tighter focusing is hardly possible, it follows that for laser pulses with P , , P cr the breakdown threshold would never be reached. Hence it appears that self-focusing effects are always present in femtosecond breakdown experiments.
Self-focusing due to the electronic Kerr effect is counteracted by defocusing effects due to negative contributions to the refractive index from ionization and plasma formation. Yablonovich and Bloembergen 14 discussed the balancing of these two processes and concluded that a limiting intensity exists for light propagating in transparent optical media, an effect that explains the observed limiting diameter of self-focused filaments. Because the maximum index change from the Kerr effect should be of the order of 10 -3 , a plasma density much less than the critical density is sufficient to balance self-focusing. In fact, the model of Yablonovich and Bloembergen distinguishes between breakdown and spark generation and does not explain the condition that must be present for material damage to occur.
The principal observation in our bulk experiments was that, with femtosecond laser pulses, spark formation and material damage is never observed, in sharp contrast to the effect of nanosecond and picosecond laser pulses. An immediate conclusion from this result is that obviously the concentration of optical energy necessary to cause damage in the bulk is never attained.
Note that defocusing by a surface plasma can be excluded, inasmuch as absence of spark formation and damage was also observed in experiments in which the focal plane was far enough inside the material that the breakdown threshold was not reached at the surface.
As a possible explanation of the observation that only relatively low densities of optical energy can be attained in the bulk, we suggest that self-defocusing caused by the free-electron density of the developing bulk plasma dominates over both external focusing and self-focusing caused by the electronic Kerr effect. Defocusing occurs in a very early stage at densities well below the critical density.
Two tentative reasons in support of this proposition can be given. First, defocusing that is due to a plasma can, in principal, overcome any focusing effect because the decrease in the refractive index produced by a plasma can be very large as the density approaches the critical density. Second, both for the avalanche process and for tunneling, the ionization rate increases very sharply with electricfield strength. This result could lead to some runaway effect, leading to an effective defocusing rather than to a stabilization of the beam, as discussed by Yablonovich and Bloembergen. 14 It is clear that detailed theoretical studies of the nonlinear propagation equation, including plasma formation, are required for clarifying these issues.
To conclude this section, we note the interesting, recent study by Strickland and Corkum 15 in which the resistance of ultrashort pulses to self-focusing in gases and the difficulties of accounting for their observations with existing theories were discussed.
SUMMARY AND CONCLUSIONS
The onset of plasma formation during the interaction of femtosecond laser pulses with optically transparent solids has been investigated. We have shown that the plasma develops on the surface and that a well-defined breakdown threshold exists. Quantitative measurements indicated that the intensity threshold necessary to produce a plasma is close to 10 13 W͞cm 2 , with little variation among different materials. The breakdown mechanism has been attributed to extrinsic surface properties.
The threshold data provide a solid basis for determining the requirements on the laser pulses. For example, to be able to observe femtosecond laser -solid interaction with a laser pulses of, say, 10 18 W͞cm 2 , the pulse must have a contrast ratio of better than 10 5 and must rise to the peak intensity in less than 1 ps.
Using femtosecond pulses with a (vacuum) peak intensity exceeding the surface threshold by more than 3 orders of magnitude, we were unable to produce a plasma and damage in the bulk of the materials. This observation has been tentatively explained by strong beam selfdefocusing that is due to the negative contribution to the refractive index from the developing plasma.
